INTRODUCTION
Cerebral palsy (CP) is a broad term encompassing a group of disorders involving variable degrees of motor, sensory, and cognitive impairment that occur as a result of an injury/insult to the developing fetal or infant brain (1) . This chronic childhood disability may result from diverse etiologies, with a prevalence of 3.3 per 1000 children (2) , and is associated with substantial social, personal, and financial burdens (3) . Intrauterine infection and inflammation are risk factors for the development of periventricular leukomalacia (PVL) and CP in the neonate (4) (5) (6) (7) . PVL, the pathophysiological mechanism proposed for the development of CP in humans, is characterized by focal necrosis around the ventricles and diffuse microglial and astrocyte activation in the immature white matter (8) . Microglia, immune cells in the brain, play an important role in remodeling and growth in the fetal and postnatal period (9) . Activation of these cells can result in an exaggerated inflammatory response with formation of free radicals, excitotoxic metabolites, and proinflammatory cytokines, leading to brain injury (10, 11) . In severe inflammation, astrocytes that normally participate in the protection of neurons and in preventing oxidative injury are unable to maintain their neuroprotective role (12) .
Treatment of disorders such as CP is challenging for several reasons. Inflammation and injury are often diffuse in the white matter, preclud-ing local brain delivery. Furthermore, clinical diagnosis of CP is made well after birth, so postnatal treatment of a prenatal injury to the brain is not expected to result in improvement in motor function. Finally, transport of drugs across the blood-brain barrier (BBB) is difficult to achieve. We hypothesized that a postnatal therapeutic strategy targeting activated microglia and astrocytes for sustained attenuation of ongoing neuroinflammation would improve outcomes in an animal model of CP.
Taking advantage of the differences between cellular localization of nanomaterials in healthy and diseased tissues may help address these treatment challenges. Here, we used polyamidoamine (PAMAM) dendrimers as vehicles for delivery of N-acetyl-L-cysteine (NAC). NAC, an antioxidant and anti-inflammatory agent, has a long history of clinical use as an antidote for acetaminophen poisoning (doses from 50 to 150 mg/kg) (13) and is being explored in several ongoing clinical trials for potential neuroprotective effects in autism spectrum disorders (ClinicalTrials.gov IDs: NCT00453180 and NCT00627705), in pregnant women for the treatment of maternal and fetal inflammation (NCT00397735 and NCT00724594), in Alzheimer's disease (NCT01320527), and in animal models of perinatal brain injury (14, 15) . Dendrimers are viewed as synthetic biomimics of globular proteins, with versatile tailorable surface functionalities. They are being explored in preclinical studies for cancer therapy, inflammation, and targeted delivery applications (16) (17) (18) (19) . We have previously shown that hydroxyl-terminated PAMAM dendrimers localize in activated microglia and astrocytes when injected into the subarachnoid space of neonatal rabbit brains with a CP phenotype, but not in age-matched healthy controls (20) . Building upon this work, we investigated whether these dendrimers can localize in activated microglia and astrocytes even when administered systemically to newborn rabbits with neuroinflammation and motor deficits. In addition, we asked whether delivering NAC to activated microglia and astrocytes using these dendrimers would lead to improvements in motor function. To this end, we show that NAC conjugated to the PAMAM dendrimer, administered intravenously on day 1 of life to rabbit kits with CP, resulted in significant improvement in motor function along with a decrease in markers of neuroinflammation and oxidative injury by day 5 of life. This study suggests that targeted therapy of drugs using dendrimers may be effective in the treatment of neuroinflammatory disorders.
RESULTS
Preparation, characterization, and biodistribution of dendrimer-NAC conjugates NAC was conjugated to generation-4, hydroxyl-terminated PAMAM dendrimers ("D"), [D-(OH) 64 ], using a disulfide linker, through a fourstep reaction ( Fig. 1 and fig. S1 ) (Supplementary Methods). In the first two steps, a bifunctional dendrimer [(HO) 39 -D-(GABA-NH 2 ) 25 , 4] with 25 reactive amines was synthesized using our previously published protocol (21) . The intermediate 4 was reacted with the heterobifunctional cross-linker N-succinimidyl-3-(2-pyridyldithio)-propionate (SPDP) to yield amide-linked 2-pyridyldithiopropanoyl (PDP)-functionalized dendrimer, [(HO) 39 -D-(GABA-PDP) 25 , 5]. The appearance of aromatic thiopyridine protons in 1 H NMR (nuclear magnetic resonance) confirmed the formation of PDP-functionalized dendrimer 5. In the final step, 5 was treated with water-soluble NAC in phosphate-buffered saline (PBS) solution (pH 7.4) to obtain the desired conjugate with a disulfide linkage between the drug and the dendrimer (D-NAC, 1). The characteristic peaks in 1 H NMR spectrum of 1 corresponding to the dendrimer, NAC, and the linker confirm the formation of the product and the presence of disulfide bond between the dendrimer and NAC (fig. S1A) (22, 23) . The drug payload on the dendrimer was estimated by NMR and MALDI-TOF (matrix-assisted laser desorption/ionizationtime-of-flight) mass spectrometry to be 19% (suggestive of 20 molecules of NAC) (table S1 and fig. S1B). The reverse-phase high-performance liquid chromatography (HPLC) chromatogram of D-NAC 1 at 210 nm shows a relatively narrow peak, different from that of the starting materials and intermediates, suggesting a relatively pure conjugate nanodevice (fig. S1C). The z potential changed from −2.1 mV for the starting dendrimer to −10.6 mV for the D-NAC 1 conjugate, due to surface modification with NAC, resulting in some carboxylic acid end functionalities. Particle size analysis by dynamic light scattering (DLS) showed that D-NAC is larger in size (5.4 nm) than D-OH 2 as expected, owing to higher molecular weight of the conjugate.
The hydroxyl-terminated PAMAM dendrimers used in this study are nontoxic, nonimmunogenic, and are cleared intact through the kidneys (16, 24) . Biosafety of the dendrimer after systemic administration (550 mg/kg) on day 1 was evaluated in healthy newborn kits at days 5 and 15 of age. There was no change in renal and hepatic functions or neurobehavior noted at both time points when compared to healthy kits administered PBS (table S2 and fig. S2 ). Liver enzymes remained normal, indicating that there was no hepatocellular injury with dendrimer administration. Ten percent of this amount was used as the maximum dendrimer dose in the present study.
In vitro NAC release from the D-NAC conjugate Glutathione (GSH)-cleavable disulfide linkers were used between the drug and the dendrimer to enable intracellular release (22, 23) . At physiological conditions, in the absence of GSH, the conjugate was stable without releasing NAC over a 72-hour period. In vitro release of NAC was investigated at seven different GSH concentrations starting from 2 mM (plasma level) to 10 mM (intracellular levels) (Supplementary Methods). At extracellular and plasma GSH levels (2 mM), the conjugate did not release measurable NAC. As the GSH level was increased, proportionately more of NAC was released ( fig. S3 ). At intracellular GSH concentrations (2 and 10 mM), the conjugate readily released the drug (>80% in 100 min), which could be detected mostly as free NAC, and as NAC-GSH to a smaller extent within 40 min. This indicated that the use of a disulfide linker enabled rapid release of NAC from the conjugate, but only when it was exposed to an intracellular GSH-rich environment (22, 23) . The mechanism of GSHbased release from dendrimer conjugates has been described previously (23) . Reported GSH levels in microglia (~25 mM) and astrocytes (~4 to 20 mM) are well within the range shown for drug release from the conjugate (25) . Even if the intracellular GSH levels were reduced significantly due to inflammation, there will still be sufficient GSH to release the drug.
In vivo brain biodistribution of dendrimers All in vivo studies were performed with a previously described rabbit model, where CP is induced by maternal intrauterine endotoxin administration (26, 27) . Fluorescein-labeled dendrimer (D-FITC) was administered intravenously to newborn kits, and brains were examined after 24 hours. D-FITC was found to colocalize in activated microglia and astrocytes in the periventricular region (PVR), in kits with CP, but not in healthy age-matched controls (Fig. 2 ). This increased brain uptake in CP kits was also consistent with results from positron emission tomography (PET) imaging of 64 Cu-labeled dendrimer. An increase in tracer activity was seen in CP kits injected with 64 Cudendrimer but not in controls ( fig. S4 ). Very little uptake was seen in the control and CP kits injected with 64 CuCl 2 alone. This selective localization in activated microglia and astrocytes was similar to that noted upon subarachnoid administration in CP kits and upon intravitreal administration in a rat model of neuroinflammation-induced retinal degeneration (19, 20) . Impairment in BBB integrity was observed in CP kits on day 1 of life. This was demonstrated by decreased occludin expression, indicating loss of tight junction proteins and increased permeability evidenced by extravasation of Evans bluealbumin complex ( Fig. 3 ).
D-NAC therapy improves motor function in CP kits
To determine whether targeting NAC to areas of neuroinflammation results in improved motor function, we randomly treated littermates with CP with NAC at 10 mg/kg (NAC_10), NAC at 100 mg/kg (NAC_100), D-NAC with NAC at 1 mg/kg (D-NAC_1), D-NAC with NAC at 10 mg/kg (D-NAC_10), dendrimer alone (delivery vehicle control), or PBS (negative control). A total of 69 kits from 14 dams that underwent laparotomy and intrauterine endotoxin administration were used for the study. To minimize the variation between treated animals, we administered kits from the same litter with different therapies. The healthy control group consisted of kits born to dams that had no endotoxin intervention (healthy control). All treatments were administered intravenously as a single dose within 6 hours after birth (day 1). Using modifications of observational motor function scores for rabbits, we evaluated the kits in a blinded manner for change in motor function on day 5 (during the peak myelination period in rabbits), as described in Materials and Methods (28, 29) . Endotoxin-exposed kits were born with impaired motor function involving inability to take steps, decreased coordination, impaired balance, and hypertonia of the hindlimbs suggestive of a phenotype of CP as described previously in this model (27, 30) . The endotoxin-exposed kits had similar motor function scores on day 1 of life, whereas healthy control kits that had no intervention were normal and had significantly better motor function ( Fig. 4A and movies S1 and S2). The most favorable response in motor function from day 1 to day 5 was seen in kits treated with D-NAC_10 ( Fig. 4A ), manifested by marked improvement in coordination and motor control while hopping and Fig. 2 . Cellular localization of FITC-labeled dendrimer in the brains of 1-day-old newborn healthy (control) and CP rabbits upon intravenous administration. Representative images of the PVR from healthy control and endotoxin-exposed newborn rabbits (CP group). Microglia were identified by staining with tomato lectin (red in microglia panels). Astrocytes were stained with an anti-glial fibrillary acidic protein (GFAP) antibody (red in astrocyte panels). Images were merged to observe colocalization of dendrimer-FITC (D-FITC) with microglia and astrocyte cell types. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale bars, 20 mm. Inset shows microglia and astrocytes at higher magnification (scale bar, 5 mm).
taking steps (movie S3). No improvement in motor function was seen with PBS (negative control) (movie S2) or dendrimer (vehicle control) (movie S4). A small improvement in mean locomotion score was also seen in kits treated with NAC_10 (movie S5). However, the motor function on day 5 for the D-NAC_10 group was significantly better than that for the groups treated with equivalent dose of the drug alone (NAC_10) and a 10-fold higher dose of the free drug (NAC_100) (Fig.  4A ). Locomotion scores for kits treated with D-NAC_10 approached that of healthy control kits born to mothers with no surgical intervention, but were statistically lower than the healthy controls on day 5. Mean locomotion score on day 5 was 7.5 [95% confidence interval (CI), 7.07 to 7.92] for controls and 6.44 (95% CI, 5.75 to 7.14) for the D-NAC_10 group (P = 0.03). Change in mean score from baseline to day 5 was greatest for kits treated with D-NAC_10 (P ≤ 0.01 for D-NAC_10 versus PBS, dendrimer, NAC_10, and NAC_100), with no significant difference between D-NAC_10 and healthy controls ( Fig. 4A ).
Hindlimb tone was assessed using the modified Ashworth score as previously described (28) . Values were compared between the treatment groups on days 1 and 5 in a subset of newborn rabbits exposed to endotoxin in utero (n = 5 kits per group). On day 1 of life, all endotoxin kits had hindlimb hypertonia and there was no significant difference in the degree of hypertonia between any of the treatment groups. A significant improvement in tone from day 1 to day 5 was seen only in kits treated with D-NAC (1 and 10 mg/kg) when compared to PBS (P < 0.001) (Fig. 4B ). The maximum improvement in tone from baseline was noted in kits treated with D-NAC_10. There was no significant difference in the change in tone between PBS and NAC_10 or NAC_100 from day 1 to day 5.
Evans blue Occludin
Control CP Fig. 3 . Evaluation of BBB in newborn rabbits with CP. Representative brain sections in the PVR from healthy and CP kits on day 1 of life (n = 3 per group). The Evans blue-albumin complex is seen as red fluorescence. Arrows point to extravasation of Evans blue-albumin complex into the parenchyma in CP kits. Occludin staining is with Alexa Fluor 488 green. Nuclei were stained with DAPI (blue). Scale bars, 50 mm. Fig. 4 . Motor function and tone in healthy control and CP kits. (A) Locomotion score on day 5 after a single intravenous treatment within 6 hours of birth (day 1) of newborn rabbit kits. Data are means and 95% CI for each treatment group on days 1 and 5 (n = 6 to 16 endotoxin-exposed kits per treatment group, n = 12 healthy kits from four litters). See movie S1 (healthy control), movie S2 (PBS treatment), movie S3 (D-NAC_10), movie S4 (dendrimer alone), and movie S5 (NAC_10) for representative locomotor changes between day 1 and day 5. ***P < 0.001; NS, not significant, for locomotion score on day 5. (B) Evaluation of hindlimb tone in rabbit kits on days 1 and 5 of life. Hindlimb tone was assessed in a subset of endotoxin kits after treatment with PBS, NAC (10 and 100 mg/kg), or D-NAC (1 and 10 mg/kg) (n = 5 kits per group) as previously described for newborn rabbits: "0" indicates normal tone; "1" indicates slight increase in muscle tone when the limb is moved in extension or flexion; "2" indicates more marked increase in muscle tone through most of the range of movement but affected part is easily moved; "3" indicates considerable increase in tone, passive movement is difficult; and "4" indicates limb is rigid in flexion or extension (28) . The values are represented as median (indicated by dark horizontal line), interquartile range (box), minimum and maximum values (whiskers), and extremes in values or outliers (*).
Kit weight gain and survival
Because the inflammatory stimulus occurs 3 days before birth, all endotoxin kits have intrauterine growth restriction with lower birth weights compared to healthy control kits on day 1 of life (P < 0.001).
There was no significant difference in day 1 weights between the different endotoxinexposed treatment groups (table S3 ). There was no significant difference in weight gain from day 1 to day 5 between healthy controls and NAC-or D-NAC-treated CP animals, but PBS-and dendrimer-treated animals gained less weight than the kits treated with NAC or D-NAC (P < 0.01) (table S3 ). An increased catabolic rate due to ongoing inflammation may account for the lower weight gain in kits treated with PBS and dendrimer alone. Survival up to day 5 was similar between all endotoxin (CP) groups and ranged from 77 to 85%.
D-NAC suppresses markers of oxidative injury and inflammation in the brains of CP kits
To understand how D-NAC improved locomotion in the CP rabbit brain, we examined the effect of the dendrimer-drug conjugate on oxidative injury, inflammation, microglial activation, myelination, and neuronal cell loss. Oxidative injury was assessed by quantifying markers of free radical injury to lipid, intracellular proteins, and RNA in the PVR of brains removed from 5-day-old rabbits treated on day 1 (Fig. 5A ).
The PVR was evaluated owing to the increased presence of activated microglia seen in this region in endotoxin kits with CP (26, 27) and because of the frequent involvement of this region in patients with CP (8) . Activated microglia release proinflammatory cytokines and free radicals, which can damage both neurons and myelin (10, 11) . GSH is a major intracellular antioxidant in the brain that helps protect cells by reducing free radicals. The concentration of GSH is primarily dependent on the availability of cysteine (31) . NAC, a precursor for cysteine, helps replenish GSH in cells. Here, total GSH levels provided an indirect measure of the amount of NAC present in the brain after treatment with D-NAC and free NAC. An increase in GSH levels comparable to that of healthy control kits was seen in CP kits treated with D-NAC_1, D-NAC_10, and with the highest dose of free drug (NAC_100), whereas treatment with NAC_10 and dendrimer alone had no effect (Fig. 5A ). This indicates that NAC is released from the dendrimer conjugate in the brain.
4-Hydroxynonenal (4-HNE), a highly reactive aldehyde formed after oxidative injury to lipids (32) , was significantly lower in the brain of kits treated with D-NAC_10 when compared to those that received the equivalent dose of drug alone (NAC_10) (Fig. 5A) . Fig. 5 . Oxidative injury and inflammation on day 5 after treatment on day 1. (A) Markers of oxidative injury in PVR of the brain. Glutathione (GSH), 4-hydroxynonenal (4-HNE), 3-nitrotyrosine (NT-3), and 8-hydroxyguanosine (8-OHG) concentrations were measured in healthy and CP rabbits after treatment (n = 6 to 7 kits for healthy controls and 4 to 11 kits for the treatment groups, for each measure). Graphs denote the mean value with 95% CI for each group. *P < 0.01 when compared to PBS; a P < 0.01 when compared to healthy control; • P ≤ 0.01 when compared to D-NAC_10. (B) NF-kB and TNF-a mRNA levels in the PVR of the brain. Western blot of NF-kB p65 expression was quantified and normalized to b-actin. TNF-a mRNA was quantified and normalized to GAPDH expression. Graphs denote the mean value with 95% CI for each group. *P < 0.01 when compared to PBS; a P < 0.01 when compared to control; • P ≤ 0.05 when compared to D-NAC_10.
Oxidative injury to proteins by ONOO − (peroxynitrate), one of the most potent free radicals, was measured by evaluating 3-nitrotyrosine (NT-3), which is produced by nitration of tyrosine residues on proteins (33) . NT-3 levels decreased upon treatment with D-NAC_10 when compared to PBS-and free NAC-treated kits (Fig. 5A) , indicating an improvement in oxidative injury with D-NAC_10 therapy. Finally, levels of 8-hydroxyguanosine (8-OHG), an early and sensitive marker for RNA oxidation in various neurodegenerative disorders (34) , were significantly reduced with D-NAC_10 in CP littermates when compared to free NAC alone even at the highest dose (Fig. 5A) . The greatest decrease in oxidative injury was seen in kits treated with D-NAC_10, which was two-to sixfold better than the equivalent dose of drug alone. D-NAC_10 was significantly better than 10 times the dose of the drug alone in suppressing NT-3 and 8-OHG.
NAC is known to suppress activation of nuclear factor kB (NF-kB), which induces transcription of proinflammatory genes, such as tumor necrosis factor-a (TNF-a) (35) . TNF-a is responsible for microglial proliferation and activation perpetuating the inflammatory process in the brain (8, 11) . A single dose of D-NAC_10 led to a 3.5-fold decrease in NF-kB expression when compared to equivalent dose of the free drug (NAC_10) (Fig. 5B) . A significant decrease in mRNA expression of TNF-a was also noted in the brain of kits treated with D-NAC (1 and 10 mg/kg) when compared to kits treated with the free drug alone (Fig. 5B ).
D-NAC therapy suppresses proinflammatory microglia
CD11b is expressed on the surface of activated microglia that are involved in inflammation and neurodegeneration. It is up-regulated by reactive oxygen species and plays a crucial role in exacerbating the neuroinflammatory process. CD11b expression is also associated with a change in morphology and motility of microglia (36) . Brain sections from kits at day 5 were stained for all microglia with tomato lectin and for proinflammatory microglia with anti-CD11b antibody ( Fig. 6A ). CP kits treated with PBS had increased microglia staining compared to NAC-and D-NAC-treated groups, with most of the lectin-stained microglia colocalizing with CD11b, indicating the persistence of proinflammatory microglia in these animals on day 5 (Fig.  6, A and B) . Treatment with D-NAC_10 resulted in a decrease in both total microglia and proinflammatory microglia (Fig. 6, A and B) .
Staining for lectin further showed a change in microglial morphology, from an amoeboid (indicating activation of the microglia) to a more ramified form (normal microglial morphology), when treated with D-NAC_10 ( Fig. 6A ). Treatment with an equivalent dose of the drug (NAC_10) had no effect on CD11b expression, with microglial cells maintaining their amoeboid form similar to that seen with PBS treatment (Fig. 6, A and B) . The persistence of activated, proinflammatory microglia along with increased expression of oxidative and inflammatory markers in the endotoxin kits treated with PBS ( Fig. 5A) indicates that there is ongoing injury in the PVR in the postnatal period after a prenatal insult.
D-NAC therapy improves myelination and attenuates neuronal injury
Myelin basic protein (MBP) is one of the important structural proteins necessary for formation of myelin by mature oligodendrocytes. Neuroinflammation is associated with loss of myelination (37) , resulting in the characteristic white matter injury seen in CP. A decrease in MBP staining is seen in the corona radiata, internal capsule, and external capsule by day 5 of life in endotoxin kits treated with PBS when compared to healthy controls (Fig. 7, A Downloaded from staining to almost healthy control levels is seen in the kits treated with D-NAC at 10 mg/kg (D-NAC_10), whereas the free drug at even 100mg/kg (NAC_100) was less effective than D-NAC_10 (Fig. 7, A and B) . CP involves not only white matter injury but also neuronal apoptosis and neuron loss in areas such as the basal ganglia, which results in impaired coordination and motor control (28) . Mature neurons were identified by staining for microtubule-associated protein 2 (MAP2) in the caudate region of the basal ganglia. Treatment with D-NAC (10 mg/kg) increased the number of neurons significantly compared to PBS, free NAC at 10 and 100 mg/kg, and D-NAC_1 (P < 0.01; Fig. 7C ). A significant increase in neuronal counts was only seen in the D-NAC_10treated CP group (Fig. 7C) , with levels similar to healthy controls. The combination of improvement in myelination along with decreased neuronal cell loss may explain the marked improvement in motor function seen in animals treated with the dendrimer-drug conjugate when compared to treatment with a 10-fold higher dose of the free drug. A key challenge in evaluating therapies for CP has been the paucity in animal models demonstrating the phenotype as seen in humans. The parallels in the timing of white matter development, along with microglial presence in the perinatal human and rabbit brain, make rabbit models of fetal brain injury more representative of CP in humans (27) (28) (29) . The presence of activated microglia in the periventricular white matter, oxidative injury, impaired myelination, and neuronal loss seen in this model are consistent with histological findings seen in postmortem brain of patients with PVL (8) . In addition, we find a predominance of hindlimb involvement in these animals, which is similar to the increased incidence of diparetic CP (involving lower extremities) in children born preterm to mothers with placental inflammation or infection (6) . We showed that systemic administration of hydroxyl-terminated PAMAM dendrimer resulted in their selective accumulation in activated microglia and astrocytes only in kits with CP. We attribute this increased brain and cell uptake in CP kits, to impairment of the BBB in the PVR, presumably leading to the increased permeability to dendrimers. This is consistent with previous reports of PAMAM dendrimers crossing the blood-brain-tumor barrier in models of malignant gliomas (39) . An increase in the number of activated microglia and astrocytes, with enhanced phagocytic abilities under pathological conditions, may further facilitate the selective cellular localization of dendrimers in kits with CP (40) . Technical and ethical considerations make direct evaluation of the BBB difficult in patients. However, studies in newborn animal models of white matter injury have shown increased permeability of the BBB in the presence of inflammation (41) . Impairment of the BBB, in the presence of neuroinflammation, has also been reported in stroke, multiple sclerosis, and Alzheimer's disease (42) . Passive targeting with dendrimers may facilitate delivery of therapeutics to neuroinflammation in these indications.
and B). A significant increase in myelin
Intravenous administration of a single dose of D-NAC (10 mg/kg) resulted in a significant improvement in neuronal injury and motor function in CP kits (movie S3), whereas free NAC at 100 mg/kg did not, suggesting the importance of targeted drug delivery in the treatment of ongoing neuroinflammation. Although free NAC_100 showed some efficacy in attenuating inflammation and oxidative injury in the brain, the improvement did not translate to improved myelination, neuronal counts, or motor function. Moreover, the improvements seen with NAC_100 were similar to that seen with D-NAC at 1% of the dose (D-NAC_1). We speculate that this could be due to several factors, including poor bioavailability of free NAC (43) , improved uptake and efficacy of D-NAC when compared to free NAC in activated microglia, as shown previously in vitro (23), delivery of a higher drug payload to the target cells (activated microglia and astrocytes) by the dendrimer in vivo, and decreased toxicity of the drug to neurons when conjugated with the dendrimer.
In the presence of inflammation and oxidative stress, depletion of GSH is one of the mechanisms by which the neuroprotective function of astrocytes is compromised (12) . Regulated neuroglial transport of GSH and cysteine from astrocytes to neurons may play a role in neuroprotection (44) . Hence, replenishing GSH specifically in astrocytes by D-NAC may help improve neuronal survival. In addition, excess extracellular L-cysteine concentrations have been shown to result in neuronal degeneration by NMDA (N-methyl-D-aspartate)-mediated excitotoxicity both in vitro and in vivo (45) . Therefore, targeted delivery of the drug to activated microglia and astrocytes can not only help attenuate inflammation but may also prevent excess extracellular levels of L-cysteine produced from NAC that may be toxic to neurons and oligodendrocytes in the immature brain.
A therapeutic response was not seen upon treatment with dendrimer alone, which indicates that the dendrimer acts as a drug delivery vehicle. Although PAMAM dendrimers are not yet approved for clinical use, they are the subject of several preclinical studies (16, 19) . We use hydroxyl-terminated PAMAM dendrimers with a good safety profile in newborn kits, which may enable translation. In humans, because the exact time of the perinatal brain injury may vary, multiple injections of D-NAC or sustained release formulations may be needed for effective therapy. Future longitudinal studies focusing on long-term efficacy of this therapy up to adulthood will facilitate clinical translation. The platform described herein to target activated microglia and astrocytes has broad implications for the treatment of neurological diseases given the growing body of evidence that neuroinflammation plays a key role in the pathogenesis of disorders such as multiple sclerosis, Alzheimer's disease, and stroke. A similar therapeutic response with dendrimerbased targeting is also seen in models of retinal degeneration (19) .
This work demonstrates that targeted attenuation of ongoing neuroinflammation can have significant implications for the treatment of maternal intrauterine infection and inflammation-induced brain injury, which leads to disorders such as CP. The effectiveness of the D-NAC treatment, administered in the postnatal period for a prenatal insult, suggests a new window of opportunity for the treatment of CP after birth in humans. Early detection of neuroinflammation using noninvasive, in vivo imaging techniques, such as PET and MRI (magnetic resonance imaging), can help in identifying patients at high risk for developing motor deficits in the newborn period (26, 30) . Targeted therapy for attenuation of neuroinflammation in at-risk patients, delivered at an early stage after birth, can potentially arrest or prevent the development of motor and cognitive deficits associated with perinatal brain injury and CP. Using dendrimers to deliver drugs to activated microglia and astrocytes may eventually provide a versatile platform for the treatment of other neuroinflammatory disorders.
MATERIALS AND METHODS

Rabbit model of CP
All animal procedures were approved by the Institutional Animal Care and Use Committee of Wayne State University and are as described previously (26, 27, 30) . Timed pregnant New Zealand white rabbits were obtained from Covance Research Products Inc. Briefly, pregnant rabbits in the endotoxin group (n = 14 dams) underwent laparotomy at gestational day 28 (term pregnancy 31 days) and were injected with 1 ml of saline containing Escherichia coli endotoxin (20 mg/kg) (serotype O127: B8, Sigma Aldrich) along the length of the uterus (26, 27) . At this dose, the newborn kits have been shown to have uniform microglial activation in the PVR and display a phenotype of CP with predominantly hindlimb hypertonia (26, 27, 30) . The healthy control group (n = 4 dams) included pregnant rabbits that had no surgery or intervention. All kits were born spontaneously on gestational day 31 and were used for the experiments.
Biodistribution of dendrimers in the brain Newborn rabbit kits with CP (CP group, neuroinflammation, n = 3 from three different litters), and kits born to healthy rabbits that had no intervention (healthy control group, no neuroinflammation, n = 3 from three different litters), were intravenously administered D-FITC (10 mg/kg) on day 1 of birth and euthanized 24 hours later (25) . For PET studies, newborn kits (controls, n = 2; CP kits, n = 3) were administered 64 Cu-dendrimer (or 64 CuCl 2 control) intravenously on day 1 and imaged by PET after 24 hours.
Postnatal NAC therapy A total of 69 kits from 14 dams in the endotoxin group were used for the different intravenous therapies. The kits were randomly distributed such that littermates (kits from the mother) were treated with either 200 ml of PBS (positive control; n = 18 kits from 11 mothers) or the same volume of PBS containing NAC_10 (n = 10 kits from six mothers), NAC_100 (n = 11 kits from eight mothers), D-NAC_1 (n = 11 kits from seven mothers), D-NAC_10 (n = 12 kits from six mothers), or dendrimer alone at a dose equivalent to that in D-NAC_10 (n = 7 kits from three mothers). To minimize potential variability among animals, we allocated kits from the same litter to different therapeutic interventions. The treatment groups were compared to control kits born to mothers that had no intervention (negative control, n = 13 kits from four mothers). These age-matched healthy controls (no intervention) were used for the comparison to demonstrate the extent of deviation from normal for the endotoxin kits and to compare response to treatment to see if it recovers to the level of the healthy control kits. This would simulate clinical studies where typical comparisons would be with completely healthy age-matched controls.
Behavioral testing
Newborn rabbits underwent neurobehavioral testing on days 1 and 5 of life with a modified scoring system, based on those described for rabbits (28) . Because abnormalities in posture and movement are common manifestations in CP, the number of steps and hops taken was evaluated as an objective measure of motor function. Newborn kits were videotaped for 5 to 10 min and scored on the basis of the maximum number of steps and hops taken without falls during 1 min of continuous activity with the scoring system described below, by an operator masked to the treatment. The number of steps was scored from 0 to 4, with 0 for "drags or no steps, uses whole body to move, or not able to move"; 1 for "1 step or falls with almost every step"; 2 for "2 to 5 steps without falling"; 3 for "6 to 9 steps"; and 4 for "≥10 steps." The number of hops taken was scored similarly as 0 for no hops, 1 for "attempts to hop but falls," 2 for "one hop," 3 for "two to three hops," and 4 for "four or more hops." A "hop" was defined as lifting both hindlimbs off the ground to make a leap. Because normal, healthy rabbits do not hop on day 1 of life, the maximum possible score on day 1 was 4 and the maximum possible score on day 5 was 8. A detailed method for assessment of tone is provided in the Supplementary Methods.
Tissue isolation and preparation for analysis of oxidative injury and inflammation
For all tissue analysis, the region around the ventricles, where maximal neuroinflammation is seen in CP kits, was evaluated. The brain was sectioned in the coronal plane into 1-mm blocks. Then, the area around the ventricle, including parts of the corpus callosum, corona radiata, internal capsule, caudate, and dorsal hippocampus, was dissected from the level of the beginning of the lateral ventricle to the beginning of the dorsal hippocampus (denoted as the PVR), homogenized, and used for evaluation of oxidative injury, reverse transcription-polymerase chain reaction (RT-PCR), and Western blots. For all these measures, n = 6 to 7 kits from four litters (healthy controls), n = 5 to 11 kits from five to nine litters (endotoxin/PBS treatment), n = 5 kits from four litters (endotoxin/NAC_10), n = 6 kits from six litters (endotoxin/NAC_100), n = 6 kits from five litters (endotoxin/D-NAC_1), n = 6 kits from four litters (endotoxin/D-NAC_10), and n = 4 kits from three litters (endotoxin/dendrimer control).
GSH levels and oxidative injury
Commercially available immunoassays for GSH, 4-HNE, and NT-3 (Cell Biolabs Inc.) were validated and performed as per the manufacturer's instructions, after quantification of protein (Bradford) with the Coomassie protein assay kit. For the measurement of 8-OHG, a biomarker of oxidative injury to RNA, the OxiSelect Oxidative RNA Damage Kit (Cell Biolabs Inc.) was used. RNA samples extracted and purified with AllPrep DNA/RNA/Protein Mini Kit (Qiagen) were evaluated as per the manufacturer's instructions. All samples were run in duplicates.
Reverse transcription-PCR
Total RNA from brain tissue was purified (AllPrep DNA/RNA/Protein Mini Kit; Qiagen), quantified (NanoDrop ND-1000 Spectrophotometer; Thermo Scientific), and integrity-verified (Agilent 2100 Bioanalyzer with Eukaryote Total RNA Nanoassay). Single-stranded complementary DNA (cDNA) was reverse-transcribed from total RNA samples with the High-Capacity cDNA Reverse Transcription Kit with RNase inhibitor (Applied Biosystems), followed by PCR amplification with the TaqMan Universal Master Mix (Applied Biosystems). Primer sequences used were as follows: 5′-cttctgtctactgaacttcggggt-3′ (forward), 5′-tggaactgatgagagggagcc-3′ (reverse), and TGGAGTTCCGGATGTAT (probe) for TNF-a; 5′-cctacccccaatgtatccgttgtg-3′ (forward), 5′-ggaggaatgggagttgctgttgaa-3′ (reverse), and CACCCACTCCTCTACC (probe) for GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Amplification conditions were the following: 30 min at 48°C, 10 min at 95°C, 40 cycles at 95°C for 15 s, and 60°C for 1 min. Samples were quantified with the DC t (threshold cycle, amount of target = 2 −DDCt ) method, normalized to the internal control gene GAPDH.
Western blot analysis
For analysis of NF-kB p65 and CD11b expression, nuclear and cytoplasmic extracts were prepared from brain tissue lysates with a nuclear extraction kit (Millipore) and separated on 4 to 12% NuPage Novex Bis-Tris MiniGels (Invitrogen). Proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane and were probed with the following primary antibodies and dilutions: mouse anti-CD11b (1:100; AbD Serotec) and mouse anti-NF-kB p65 antibody (1:200; Abcam). Horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibodies (1:500; Abcam) were used for detection. Expression of NF-kB and CD11b was developed with the electrochemiluminescence system (WesternBreeze Immunodetection Kit, Invitrogen) and x-ray photographic film (Eastman Kodak). The same blots were developed with WesternBreeze Chromogenic Kit (Invitrogen) for b-actin. The protein size was confirmed by molecular weight standards (Invitrogen). The integrated intensity for a fixed area of the bands for NF-kB, CD11b, and b-actin was obtained after background subtraction with ImageJ (National Institutes of Health). The values obtained for NF-kB and CD11b were normalized to the b-actin from the same gel and expressed as ratios relative to the b-actin expression.
Immunohistochemistry
Staining protocols for colocalization of D-FITC with microglia and astrocytes have been previously described (20) (n = 10 to 12 sections per brain per kit; three kits per group).
Staining for CD11b, MBP, and MAP2 All protocols have been described previously (26, 27, 30, 46) . Sections were incubated with primary antibodies, mouse anti-rabbit CD11b (1:200; AbD Serotec), MBP (1:450; Covance), and MAP2 (1:500; Covance), followed by corresponding secondary antibodies, goat anti-mouse Alexa Fluor 488 (1:400; Invitrogen) or biotinylated goat anti-mouse (1:200; Vector Laboratories). For MAP2 and MBP, DAB staining was performed with ABC kit and developed by DAB peroxidase substrate kit (Vector Laboratories). For each of these markers, 4 to 7 brain sections per rabbit kit were stained and analyzed (n = 3 to 4 kits per group; 15 to 21 sections per group for each marker). Images were obtained with a Leica TCS SP-5 confocal microscope. Detailed methods for evaluation of BBB impairment with Evans blue dye and staining for occludin are provided in the Supplementary Methods.
Quantification of myelination and neuronal counts
For myelin quantification, 30-mm sections (five to seven sections, 120 mm apart; three to four kits per group) were evaluated at the level of bregma (1-mm anterior and 1-mm posterior). All images were captured with the same settings at ×10 magnification (Olympus) to cover the whole hemisphere. These images were processed and analyzed with Volocity software (Perkin Elmer), and myelinated areas were identified with the same threshold and object size limits for all images. Average area stained for myelin per hemisphere was obtained for each group. The number of neurons in the caudate nucleus was evaluated in every fifth section (four to five total sections per kit and three to four kits per group) from the beginning of the lateral ventricle to the end of dorsal hippocampus with an optical fractionator probe (Stereo Investigator). After the boundary of the caudate nucleus was defined by drawing a contour, MAP2-stained neurons were counted as previously described (46) .
Statistical analysis
Because of the nesting of kits within litters and the repeated measurements for each kit, generalized estimating equations (GEE) was used to compare the outcomes between the groups (47) . GEE accounts for the lack of independence that arises due to nesting of kits within a litter. GEE will also handle outcomes that are not normally distributed (for example, dichotomous data and count data) and data that are repeated across time. For assessment of neurobehavior on days 1 and 5, time was entered as a within-subjects variable as well as a predictor in the analyses. Modified Bonferroni corrections were applied to post hoc comparisons. All data are expressed as means and 95% CI obtained from the GEE analysis.
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